We have studied photoluminescence (PL) of surface oxidized nanocrystalline silicon quantum dots (QDs) for various oxidation periods and temperatures. With increasing oxidation period, the surface oxide grows and the Si QD core shrinks initially, then retardation of the oxidation process occurs which is ascribed to compressive stress at the interface between Si QD core and oxide. Upon oxidation, the PL spectrum peak shifts toward the shorter wavelength side followed by retardation of the blueshift or even manifestation of the redshift. The origin of PL is due to the localized excitons at the interface between Si QD core and oxide or amorphous SiO x (a-SiO x ) formed at the interface. The blueshift is associated with the increased quantum confinement or increased bandgap of a-SiO x . The redshift is due to the stress effect of the bandgap of Si QD core or a-SiO x . We have successfully confirmed the effect of compressive stress associated with the self-limiting oxidation by PL measurement.
INTRODUCTION
Recent interest in exploring the optical properties of Si nanostructures has intensified the search for a reliable technique in fabricating sub 5-nm Si structures [1] . Earlier work on the oxidation of nonplanar Si structures indicates that the oxidation rate decreases with decreasing structural dimensions because of the associated compressive stress normal to the Si/SiO 2 interface [2] [3] [4] . In the case of spherical nanocrystalline Si quantum dots (QDs) fabricated by a very-high-frequency (VHF) plasma-enhanced chemical vapor deposition (PECVD), the saturation of the oxidation rate in the Si QDs has been observed by transmission electron microscopy (TEM) [5] . Although it is possible to measure the diameter of the Si QD cores by TEM, it is difficult to evaluate quantitatively the applied compressive stress to the Si QD core, which, on the other hand, can be characterized by optical measurements.
By employing oxidation, the diameter of the Si QD cores can be reduced. On the other hand, the compressive stress, which is caused by the volume mismatch between Si and amorphous SiO x (a-SiO x ) (Ω Si = 20Å
3 is the atomic volume of Si and Ω SiO 2 = 45Å 3 the molecular volume of SiO 2 ), is applied to both the Si QD core and the surrounding a-SiO x layer. It is known that bulk crystalline Si has a pressure coefficient of about -1.4 meV/kbar [6] for the indirect bandgap at ∼1.1 eV and 5.2 meV/kbar [7] for the direct bandgap at ∼3.4 eV, while amorphous Si:H (a-Si:H) has a pressure coefficient of about -2 meV/kbar [8] . Although it is unclear, the pressure coefficient of a-SiO x might be a negative value by the analogy with a-Si:H. In this work, we show experimental observation of the effect of strain on the Si QDs system by photoluminescence (PL) spectroscopy. Nanocrystalline Si QDs were deposited on Si (001) substrates by VHF PECVD. The diameter of Si QDs was 9±2 nm, measured by atomic force microscopy (AFM), including the surface oxide layer of ∼1 nm. Figure 1 shows a high-resolution TEM micrograph of a Si QD. The Si (111) lattice image indicates that Si QD grown by the process is a single crystal. The amorphous layer covering the Si QD is natural oxide (a-SiO x ) formed by the exposure to ambient atmosphere. The detailed deposition procedures of the Si QDs have already been given in Ref. 9 . Initially, all samples were thermally oxidized in dry O 2 atmosphere at 800
• C for 10 minutes in order to fix the Si QDs to the substrates. Then, each substrate was cleaved into eight pieces. Subsequent oxidation in dry O 2 was carried out at the temperatures in the range of 700-850
• C for the periods in the range of 0-8 hour. The optical properties of the surface oxidized Si QDs were investigated by PL measurements at room temperature. The 325 nm line of the He-Cd laser was used as the excitation source.
RESULTS
Oxidation time evolution of PL spectra from Si QDs is shown in Fig. 2 . The samples were oxidized at 800
• C for 10 minutes and then a subsequent oxidation was performed for 0-8 hours at 800
• C. The broad peak denoted as A was observed at ∼1.42 eV after 10 minutes oxidation. This emission band is attributed to the Si QDs or the a-SiO x , because no PL signal was observed in the photon energy range of 1.1-2.1 eV without the Si QDs at the same oxidation conditions when the substrate is both Si (001) and quartz. The band A showed a blueshift from ∼1.42 eV to ∼1.74 eV by increasing the oxidation time from 0 hour to 2 hour. For longer oxidation times from 2 hour to 4 hour, the band A was then redshifted from 1.74 eV to 1.66 eV. For further oxidation, the band A showed a blueshift from 1.66 eV to 1.70 eV when the oxidation time increased from 4 hour to 8 hour.
The oxidation time evolution of the peak energy of the band A is illustrated in Fig. 3 . The oxidation temperatures were 700 (circle), 750 (triangle), 800 (square), and 850
• C (diamond). The Si QDs were deposited at the same deposition condition for all samples. The initial peak energies of the band A were at ∼1.4 eV after 10 minutes oxidation at 800
• C. By employing further oxidation of ∼1 hours, the peak energies of the band A showed a blueshift from ∼1.4 eV to ∼1.6 eV. In the case of lower oxidation temperatures (≤750
• C), when the subsequent oxidation was performed, the blueshift rate decreased in the entire oxidation period range investigated. In the case of higher oxidation temperatures (≥800
• C), a reduction of the blueshift rate of the band A was observed as well as the redshift in the subsequent oxidation. After the redshift, the band A showed the slow blueshift, again.
The diameter of the crystalline Si core of the oxidized QDs at 750 and 850 • C was measured by TEM and plotted in Fig. 4(b) as a function of the oxidation time. The peak A20.6.2 energy evolution of the band A are also shown in Fig. 4(a) for comparison. In the case of the oxidation temperature of 850
• C, the data observed by TEM are not plotted when the oxidation period is longer than 1 hour, because it is difficult to obtain the reliable data due to the difficulty in the observation of the lattice images of Si QD cores with size less than ∼4 nm. However, the Si QD cores could be still remained because the emission (band A) was observed during the 8 hours oxidation. In the initial stage of oxidation ( 1 hour), the diameter of the Si QD cores decreased rapidly with increasing the oxidation time, while the peak energy of the band A showed rapid blueshift. In the longer oxidation ( 1 hour), the rate of the Si QD cores oxidation was slowed as well as the blueshift rate of the band A. The peak energy of the band A is directly related to the diameter of the Si QDs.
DISCUSSION
Although the surface oxidized Si QDs fabricated by VHF PECVD show PL, which is similar to porous Si and Si nanostructures, the mechanism of visible luminescence from the Si QD is still controversial. Kanemitsu et al . proposed that the origin of the ∼1.65 eV PL band is radiative recombination of the excitons localized at the interface between crystalline Si core and the surrounding a-SiO x layer in the case of the surface oxidized Si QDs [11] . When the size of Si QD is smaller than the exciton Bohr radius of ∼ =5 nm and the bandgap energy A20.6.3 of the Si QD core is larger than that of the interface state, excitons are localized near the disordered interface between Si QD core and the surrounding a-SiO x [11] . This model is supported by Fig. 5 , in which the PL peak energies of the band A (circle) are plotted as a function of Si QD core diameter observed by TEM. Also, in the same figure, theoretical data for the bandgap energy (solid curve) are plotted as a function of Si QD core diameter. The experimental results coincide with the theoretical data. Thus, the band A can be described by a localized exciton emission mode. On the other hand, a-SiO x could be responsible for the origin of the band A. The optical bandgap energy of a-SiO x varies from near infrared to the ultraviolet region dependent on the O content [13, 14] .
In view of the localized exciton, the emitted photon energy shows blueshift by the modulation of the initial and final energy levels which depend on the quantum confinement, because the diameter of the Si QD decreases with increase the oxidation time. On the other hand, in view of the a-SiO x , by employing the longer term oxidation, the blueshift may also be explained by increase of O content in the a-SiO x that results in the increase of the optical gap. In both cases, the band A shows blueshift upon oxidation.
The compressive stress, which is induced by the volume mismatch and is applied to both the Si QD core and the surrounding a-SiO x layer, reduces their bandgap. Because the pressure coefficient is a negative value for both the indirect bandgap of Si and the a-SiO x as mentioned above. The observed redshift of the band A is attributed to the compressive stress in either case.
In the initial stage of the oxidation ( 1 hour), the blueshift rate was faster than that in further oxidation ( 1 hour) (Fig. 3) . The direction and rate of the shift is determined by the competition between the blueshift driven by the increase of the quantum confinement or the increase of O content and the redshift induced by the compressive stress. In the initial stage of oxidation, the blueshift component is stronger than the redshift one. Because, the thickness of the surrounding a-SiO x is thin and then the compressive stress to the Si QD core is too weak to saturate the oxidation rate in the Si QD. As a result, the fast blueshift was observed in the initial stage of the oxidation, indicating that the oxidation of the Si QDs was not retarded.
After the fast blueshift, the slow blueshift of band A was observed. The decrease of the blueshift rate could be explained by the decrease of the reducing rate of the Si QD core. However, a redshift, which is a clear indication of the compressive stress, of the band A was observed at the higher oxidation temperatures (≥800
• C). Because the direction of the shift is determined by the competition between the blueshift component and the redshift component, showing the redshift of the band A indicates that the redshift component is stronger than the blueshift one. Thus, the compressive stress was applied to the Si QD core or the aSiO x . The decrease of the blueshift rate is also explained by the addition of the redshift component. The thickness of the surrounding a-SiO x increases and the size of the Si QD core decreases with increasing the oxidation period, which results in the redshift component emerges and increases. At the lower oxidation temperatures (≤750
• C), a redshift was not observed because the blueshift component was still stronger than the redshift component. The self-limiting of oxidation in Si QDs is explained by the compressive stress to the Si QD core. PL measurements of the redshift confirm this mechanism.
In this work, the origin of the band A is still unclear. Both the localized exciton between the Si QD core and oxide or the a-SiO x are possible origins. In order to determine the origin of the band A, further experiments are needed.
CONCLUSIONS
We studied PL of the surface oxidized nanocrystalline Si QD for various oxidation periods and temperatures. Upon oxidation, the PL spectrum peak shifts toward the shorter wavelength side followed by retardation of the blueshift or even manifestation of the redshift. The origin of PL is due presumably to the localized excitons at the interface between Si QD core and oxide but we can not exclude the possibility of a-SiO x formed at the interface. The blueshift is due to the increased quantum confinement or increased bandgap of a-SiO x . The redshift is due to the stress effect of the bandgap of Si QD core or a-SiO x . These results correspond with the retardation of oxidation process which is ascribed to the compressive stress at the interface between Si QD core and surface oxide. We have, for the first time, successfully confirmed the effect of compressive stress associated with the self-limiting oxidation by PL measurement. A20.6.5
